FEFF 9, using the full multiple scattering theory, is used in order to model electron energy-loss near-edge structure for Nb and the Nb oxides. This study explores the basic functions of FEFF 9 code, as well as some of its features including the concepts of convergence and the effect of core holes. The results of FEFF 9 are compared with actual experimental EELS results. Although FEFF 9 is not as accurate as DFT calculations when used properly it can provide much faster results that are comparable to those obtained by DFT.
Introduction
Niobium and its oxides are being studied because of their electrical properties.
Niobium monoxide (NbO), niobium dioxide (NbO 2 ), and niobium pentoxide (Nb 2 O 5 ) were looked at experimentally and compared to their FEFF 9 calculations to see how well FEFF 9 approximates the experimental data. Niobium is of special interest because it has the highest superconducting transition temperature of any elemental superconductor.
1
Niobium and niobium monoxide are conducting, while niobium dioxide is semiconducting and niobium pentoxide is insulating.
1 Until recently, there has been no reliable way to distinguish the different niobium oxide states and determine the local oxidation state. Tao and coworkers have demonstrated that oxygen K-edge fine-structure can be used for niobium oxide phase identification.
1 In this study we will compare these results with our FEFF 9 calculations of similar compounds.
Description of FEFF 9
FEFF 9 2 can be used for a number of different calculations, including X-ray absorption near edge structure (XANES). In this paper, we have utilized the FEFF 9 code to model the electron energy-loss (EELS) near-edge fine-structure using full multiple scattering calculations to study the oxygen K-edge of NbO, NbO 2 , and Nb 2 O 5 . In order to use FEFF 9 a program must be used to create the atomic structure that indicates the position of all the atoms in the lattice. ATOMS 3 on the web was used in order to create an input file for the FEFF 9 program. The ATOMS program was primarily developed by the Consortium for Advanced Radiation Sources (CARS) at The University of Chicago. The parameters that are required to create the atomic structure in ATOMS is the space group, the edge of interest (only the oxygen K edge was analyzed here), lattice constants, angles and finally the sites of the elements in the unit cell and the central atom of the crystal structure. When running FEFF 9, the self-consistent potential (SCF) and full multiple scattering (FMS) must be specified in order to run the calculation. The SCF and FMS will adjust the amount of atoms used in the calculation. Convergence is reached when increasing the amount of atoms included in the calculation produces no distinct changes in the graph of the simulated EEL spectrum. Figure 1 shows the simulated result of the Oxygen K-edge of NBO from FEFF including 3 shells, 5 shells and 7 shells. There is a different peak splitting between 3 shells and 5 shells, but no distinct change between 5 shells and 7 shells. Therefore, it can be concluded that NbO converges for 5 shells and a minimum of 5 shells should be used for all later calculations involving NbO. It is useful to find the point of convergence because FEFF9 takes longer to run as you include more atoms in a calculation. Since the calculation will produce the same results with increasing atoms once convergence is achieved, it is helpful to figure out this point to minimize the amount of time spent running calculations.
Structures of NbO, NbO2 and Nb2O5
For the experimental data pure NbO 2 (Aldrich, 99.9%), Nb 2 O 5 (Alderich, 99.99%) and NbO powder were crushed into electron transparent particles at room temperature and dissolved in an isopropanol suspension.
1
The powder samples were then dispersed on a holey carbon film supported by a copper mesh for TEM and EELS analysis. The experiments were run on the UIC JEOL 2010F TEM/STEM and used a Schottky field-emission electron gun that operated at 200 kV, an ultra-highresolution objective lens pole piece (URP), and a post column Gatan Imaging Filter (GIF). The exposure time was 15 seconds for each of the spectrum that were found.
The input information for ATOMS of NbO was determined by the structure of the crystal seen in Figure 2 . Since the crystal structure is much more complicated for NbO 2 and Nb 2 O 5 they were found on EMAPS 4 and in the paper by Schafer and coworker, 5 respectively. The space groups for NbO, NbO 2 and Nb 2 O 5 are Pm-3m, I4 1/a and C2/m respectively. The input files produced through ATOMS were then used in FEFF 9 to run the calculations and produce graphs to compare with the experimental data. NbO converged at approximately 42 atoms, NbO 2 converged at approximately 82 atoms and Nb 2 O 5 at approximately 100 atoms. All three were run with no core holes and using the default Hedin-Lundqvist exchange 7 . The NbO would take about 10 minutes to run the 42 atoms and the NbO 2 and Nb 2 O 5 would take between 30 and 40 minutes to run the calculations with 82 and 100 atoms. Density functional theory (DFT) calculations were also included as another comparison to the experimental data. DFT studies systems of atoms by looking into their electronic structure. The calculations are much more complicated and take up much more time then FEFF9. If FEFF9 proved to be equally accurate, it would be much more efficient with time to produce the calculations.
NbO
The NbO calculations were first run with a core hole and without a core hole in the FEFF9 calculations. Figure 3 shows a comparison of the 42 atoms with and without a core hole. Both the core hole and no core hole calculation showed similarities to the experimental value. Adding a core hole shifted the graph to the right by about 2-3 eV. Although there was more structure seen with the core hole, the additional structure includes peaks that were not seen in the experimental data. The onset point of the Oxygen K-edge is different for the core hole and no core hole calculations, which indicates that the chemical shift could be due to the FEFF9 calculation system. The core hole effect is still under development with the FEFF9 calculations due to the treatment of the effect requiring theories beyond that of the independent particle approximation, which FEFF9 relies of for its calculations.
6 The NbO calculation with no core hole was chosen since it showed less of a chemical shift and hence had better alignment with the peaks of the experimental data. As seen in figure 4 the FEFF9 calculations saw a good fit between the differences in peaks a and b with peak a being lower then peak b. The experimental data showed a double peak for peaks a and b with a measured difference of 1.7 eV. The distance between peaks a and b for the FEFF9 calculations was found to be 4 eV. The peaks c and e were seen to be shifted about 4-5 eV to the right for the FEFF9 calculations compared with that found by experiment. Peaks a and b were found to be a much better match with the experimental data compared with peaks c and e. Peak g also comes through with the FEFF9 calculations, but its intensity is higher then peak c which is different from the experimental data. The DFT calculation is also placed on the graph to see how well FEFF 9 compared to the experiment against the DFT calculations. FEFF9 portrayed the shape and intensity better then the DFT for peaks a and b, but as a whole the DFT calculations seemed to be a better fit of the experimental data. With the DFT calculation peaks c and e fit the experimental data better then FEFF9 and continued FIG. 5: NbO 2 results from the experimental data, DFT and FEFF 9 calculations. The FEFF 9 calculations were run with 82 atoms and no core hole effect. The DFT and FEFF9 calculations used the same NbO 2 structure.
NbO2
NbO 2 converged at 82 atoms and the calculations took about 30 minutes to run. A core hole was again considered, but the calculation including a core hole did not fit the experimental data nearly as well as the calculation with no core hole. The intensities and distance between peaks a and b, seen in figure 5, were very similar between the FEFF9 calculations and the experiment. A difference in the structure can be seen in the pre-peak before peak a found by the FEFF9 calculations. Peak c has a much lower intensity compared to the experimental data. The same is true with peak d and peak e. Peaks c, d and e are all seen in the FEFF9 calculations occurring at about the same energy level. There is a chemical shift of a couple electron volts (eV) to the left in peak d and the same is true for peak e. The DFT calculations found results very similar to the FEFF9 calculations. The main difference was that peak c had a higher intensity peak that fit the experiment better then FEFF9. Also the DFT calculations did not have the shift of a couple eV that was seen with the FEFF9 calculations. DFT and FEFF 9 calculations. The FEFF 9 calculations were run with 100 atoms and no core hole effect. The DFT and FEFF9 calculations used the same Nb 2 O 5 structure.
Nb2O5
Nb 2 O 5 converged at approximately 100 atoms and took about 40 minutes to run the calculation in FEFF9. A core hole was considered, but the calculations without the core holes were found to be a better fit with the experiment. In figure 6 the positions of peaks a and b were similar in both the FEFF9 calculations and experiment. There was about a 5 eV shift to the left found in peak c with the FEFF 9 calculations. After peak c the FEFF9 calculations went very flat and lost almost all intensity and fit with the experiment. The DFT calculation had a better fit with the intensities and positions of a, b and c in comparison to the experimental results.
Conclusions
FEFF9 can be a very useful tool for modeling the nearedge fine-structure of different metal oxide compounds. However, for more accurate modeling, DFT calculations might still be necessary, in part due to the inherent energy-resolution of the FEFF9 calculations, which is limited to about 1.0 eV. For the niobium oxide structures studied in this paper we find that the FEFF9 calculations were much more accurate for the first two peaks of the oxygen K-edge, but began to show a shift of a few eV away from the experimental results starting at about the third or fourth peak. Considering the time the FEFF9 calculations save in running certain calculations compared to DFT, the multiple scattering methods might prove very useful for more complex structures involving defect or interfaces.
